The aim was to isolate terminal arterioles from guinea pig heart, to describe their basic electrical properties, and to obtain evidence for the presence of K A T p channels in microvascular coronary smooth muscle cells. Methods: Terminal arterioles of 20-50 pm diameter were obtained by enzymatic digestion of isolated perfused hearts. The isolated arterioles were viable for up to 8 h and constricted upon application of high potassium solution. Whole cell clamp experiments on smooth muscle cells of these arterioles were performed at room temperature. Results: The resting potential of coronary smooth muscle cells in terminal arterioles showed a bimodal distribution with one peak at -23(SD 8) mV and the other peak at -61(4) mV. Application of glibenclamide (50 pM) to the latter group of arterioles produced a depolarisation to -37(8) mV, application of cromakalim (1 pM) produced a hyperpolarisation to -71(1) mV. The current changes associated with voltage steps and slow voltage ramps in the range -120 to +40 mV indicated that the smooth muscle cells in the arterioles were coupled electrically. The steady state current-voltage relation was sigmoid with a flat region in the range -50 to -30 mV. In the presence of 2-50 pM glibenclamide the slope resistance at potentials negative to -50 mV and positive to -30 mV was markedly increased. In the presence of 1 pM cromakalim the slope resistance was decreased and the current-voltage relation at negative potentials became nearly linear. The crossover point of the current-voltage relations measured under control conditions and in the presence of glibenclamide was near the calculated potassium equilibrium potential. Conclusions: Glibenclamide closes and cromakalim opens potassium channels in smooth muscle cells of coronary arterioles. The voltage dependence of the steady state current changes suggests that the current activated by cromakalim is not carried by the same channels as the current inhibited by glibenclamide. The glibenclamide sensitive channels make a significant contribution to the membrane potential of isolated arterioles.
TP sensitive potassium channels (KATp channels) in coronary smooth muscle cells play an important role A in the regulation of coronary blood However, the study of the single K A T p channels in vascular smooth muscle cells and of the mechanisms underlying their regulation proved to be quite difficult. There are several reasons for this. (1) Different types of KATp channel have been found in various tissues. They differ widely in their sensitivity to intracellular nucleotides, sulphonylureas, and potassium channel openers, and in their single channel Conductance! Several types of K A T p channels also seem to be expressed in vascular smooth muscle."' ( 2 ) Although their existence is beyond doubt, single K A T p channels are more difficult to record in isolated patches from smooth muscle cells than from other tissues. This may be related to channel density and single channel conductance as well as to regulation by cytoplasmic factors not yet identified. ( 3) The regulation of KATp channels via endogeneous ligands (for example, adenosine, vasoactive intestinal peptide, calcitonin gene regulated peptide, somatostatin) differs greatly between different vascular beds6 (4) The intracellular second messengers involved in the regulation of K A T p channels in smooth muscle6 lo seem to be quite variable. (5) In different organs (and even in the same organ, depending on the segment of the vascular tree studied) the density and the functional properties of potassium channels vary considerably."
For all of these reasons, the mechanisms underlying hypoxic vasodilatation in the heart and the contribution of K A T p channels to coronary autoregulation are still controversial. Various investigators have studied the electrophysiology of freshly isolated'' l 3 or cultured" smooth muscle cells from large pericardial coronary arteries. However, this may not be the most suitable approach for studying the mechanisms responsible for the regulation of coronary blood flow. In vivo, the largest pressure drop and the most important regulatory processes reside in the microvasculature, and it is likely that there are large differences between microvascular and macrovascular smooth muscle cells in gene expression of ion channels, receptors, and intracellular second messengers. Therefore we were interested to obtain some direct evidence for the existence of K A T p channels in terminal arterioles. Since electrical recordings from resistance arteries in situ are difficult to obtain we sought to isolate terminal arterioles from guinea pig hearts.
Methods

Isolation of arterioles
Guinea pig weighing 250-350 g were decapitated and the heart was quickly removed. The aorta was connected to a cannula and the heart was perfused at a constant rate of 9 mlmin-' with oxygenated physiological salt solution containing (in mmol.litre-'): NaCl 135, KCI 10, CaCl, 2, MgClz 1, NaH,PO, 1, Na-pyruvate 2, glucose 10, and HEPES 5; the pH was 7.4; the temperature was 37°C. The heart was submerged in a small organ bath warmed to 37°C (see 15). Coronary perfussion pressure was monitored on a chart recorder. When the perfusion pressure reached a steady state value (about 60 mm Hg after 10-15 min) calcium was washed out for 4 min with a nominally Ca'+-free solution of otherwise identical composition. Enzymatic digestion was then initiated by perfusing the heart for 2 min with enzyme solution. The enzyme solution was made from Ca2+-free solution by addition of 20 Klieher, Daut p-M Ca" and 0.1% of a standardised mixture of collagenase and protease (Sigma Blend. Type H). After 2 min the perfusion was stopped while the heart remained in thc water bath at 37°C. After eight niore minutes the heart was cnt into small pieces and triturated with a wide bore Pasteur pipette in our standard physiological salt solution containing 2 niM Ca" (see above). to which 100 U m -' deoxyribonuclease was added in order to reduce surface contamination of the cells. Subsequently the cell suspension was sieved through a nylon filter with mesh size of 100 pm. Arterioles (and other small vessels) were collected from the sieve and transferred into 35 mm Petri dishes where they were allowed to settle on the bottom. The arterioles were always used on the same day. Thi\ investigation conforms with the Guide for the carp 
Llatcr recording
Patch clamp recordings from smooth muscle cells of isolated arterioles were carried out at room temperature (22°C). The arterioles were superfused with a solution containing (in mniol.litre I): NaCl 140, KCI 5, CaCI, -3. MgCll I. glucose 5 and HEPES 10; the pH was 7.4. Clibenclamide (Hoechst) and croniakalim (Sigma) were added from stock solutions made with dimethylsulphoxide (DMSO) to final concentrations of 2 to 50 p-M. The final concentration of DMSO was SO.lC/c. Three different pipette solutions were used for whole cell recordings. Solution A contained (in mmol.litre-'): KCI 120, KOH 20. CaClz I , MgCI, 1. and EGTA 10, The pH was 7.2 and the free Ca" concentration was 20 nM. Pipette solution B was identical except that 3 mM MgATP was added. Pipette solution C was used for perforated patch solutions. It contained 140 mM KCI. 1 mM MgCI?. and 10 mM HEPES (pH 7.1). For perforated patch recordings the tip of the patch electrode was first tilled with nystatin-free pipette solution by aspiration and then the pipette was back filled with pipette solution C to which 240 p-g.ml ' nystatin was added. Nystatin was dissolved at a concentration of 60 mg.nil-' in DMSO. The stock solution was diluted and sonicated for 20 s immediately before the experiment.
Pipette potential and whole cell currents were recorded using a patch clamp amplifier and stored on a modified digital audio tape recorder (sampling rate. 44 kHz). For analysis the data were either filtered at SO H r and digitised at 100 Hz (slow voltage ramps) or filtered at 200 Hz and digitised at 500 H7 (voltage or current steps). Care was taken to ensure that the relevant current and voltage transients were not distorted by the filtering. Where appropriate. the results are presented as means(SD): n denotes the number of arterioles from which the results were obtained. sensitive potassium channels (K,,, channels) we studied the Figure 2B shows an experiment in which the arteriole was superfused with a solution containing 50 p M glibenclamide. It can be seen that the membrane depolarised from -68 to 4 0 mV within 12 s. To make sure that all of the KATp channels were blocked we usually superfused the arterioles with 50 FM glibenclamide. In the group of arterioles displaying a membrane potential of around -61 mV, 50 pM glibenclamide induced a depolarisation to -37(8) mV (n=4), and 2 p M glibenclamide induced a depolarisation to 4 7 and -35 mV (n=2). The depolarisation upon application of glibenclamide was also observed when the membrane potential was recorded with the perforated patch techniques (n = 2). In the group of arterioles displaying a less negative membrane potential, 50 p M glibenclamide induced only very small or no changes in membrane potential. Figure 2C shows that application of cromakalim produced a sustained hyperpolarisation from -32 to -68 mV. The average membrane potential recorded in the presence of 1 pM cromakalim was -71( 1) mV (n = 4). Analogous to the results obtained with glibenclamide, the amplitude of the hyperpolarisation induced by cromakalim depended on the initial membrane potential: it was larger when the cells had a less negative membrane potential under control conditions. These findings can be explained by the current-voltage relation of coronary smooth muscle cells (see below).
Before analysing the effects of modulation of K A T p channels on whole cell currents it is necessary to characterise the basic electrical properties of isolated coronary arterioles. When rectangular voltage clamp pulses were applied from a holding potential of -60 mV, slow current relaxations with time constants of 200-500 ms were observed ( fig 3A) . In the voltage range -120 to 4 0 mV these current transients were symmetrical after hyperpolarising and depolarising clamp steps and increased linearly with the amplitude of the voltage step. They probably represent the charging of the distributed capacitance of the multicellular preparation through the resistance of the gap junctions. From the steady state current values measured in this experiment a current-voltage curve was constructed ( fig 3B) . It has two steep branches with slope resistances of 270 MO and 160 M a whch are separated by a nearly flat region between -60 and -30 mV. While the overall shape of the W curve was consistently found in all measurements, its position on the current axis was somewhat variable, and this was probably the reason for the bimodal distribution of the resting potential. Figure 3B also shows that the electrical properties of the preparation did not change with time after rupture of the patch. The current-voltage relation measured immediately after establishing the whole cell configuration and the current-voltage relation measured 12 min later were nearly identical. This was the case in most preparations studied.
Depolarising voltage steps to potentials positive to -20 mV gave rise to a transient inward current that was superimposed on the outward current. The amplitude of the inward transient (that is, the difference between the inward peak and the steady state outward current) increased up to a depolarisation of +40 mV, as illustrated in fig 3B. We assume that the inward current transients are due to "escape" of voltage control at peripheral cells leading to action potentials and an associated surge of inward current. When slow triangular voltage commands (10 to 20 m V d ) were applied instead of voltage steps the overall shape of the W curve remained unchanged ( fig 4A) . However, during the depolarising ramp an inward current "notch' appeared between -50 and -30 mV that was similar to the inward transient seen after depolarising voltage steps ( fig 3A) . The amplitude of the notch increased with increasing ramp speed. The notch disappeared when the ramp was slower than 5 m V d and was never observed during the repolarising ramp. Apart from the notch, there was no hysteresis, that is, the currents measured during the depolarisation and repolarisation were very similar. Under control conditions, the slope resistance was 207( 16) MLR at the negative end and 16 1 ( 1 1) MIR at the positive end of the IfV curve (n = 9).
Injection of depolarising current through the patch electrode elicited transient depolarisations as illustrated in fig  4B. During repetitive stimulation the amplitude and the duration of the transient depolarisations were variable. Most of the stimuli elicited to a secondary rising phase after termination of the current pulse. In no case did the peak of the transient depolarisation become more positive than -20 mV. The duration of the transients ranged between 400 and 1000 ms. These observations suggest that the isolated terminal arterioles were indeed electrically excitable.
In conclusion, the slow capacitive relaxation (fig 3A) , the low input resistance (fig 3B) , the loss of voltage control Time (s) Comparison of figs 5B and 6 shows that the addition of ATP to the patch solution had virtually no effect on the shape of the current-voltage relationship and on the effects of glibenclamide. Figure 6 also shows the difference current recorded in the presence of glibenclamide. It can be seen that it had a similar voltage dependence as the control current measured in the absence of glibenclamide. This was unexpected because the current through KATP channels in other preparations was found to be voltage independent (see Discussion). Difference currents similar to those depicted in fig 6 were obtained in all experiments with patch solutions A, B, and C (n = 8).
The effects of the potassium channel opener cromakalim on the current-voltage relationship is shown in fig 7A. In the range -120 to -40 mV the current-voltage relationship became nearly linear and the slope resistance near the resting potential was decreased. On average, the slope resistance in the range -120 to -40 mV decreased to 171(21) MR in the presence of 1 p M cromakalim (n = 5). At positive potentials the curve became very noisy and the current did not increase further. This was regularly observed and may be related to spatial inhomogeneities in the voltage clamp. Figure 7A also shows the effects of glibenclamide on the current activated by cromakalim. Glibenclamide not only reversed the changes induced by cromakalim but also flattened the positive and negative ends of the current-voltage relationship, as was the case in the absence of cromakalim (figs 5 and 6).
The difference curve of the current-voltage relationships measured before and after application of cromakalim is shown in fig 7B. Again the difference curve was not linear. In the range -80 to -30 mV it displayed outward rectification, at more positive potentials it decreased again. Note that the difference curve reversed sign at -80 mV. Similar results were obtained in five further experiments. The current induced by cromakalim in the potential range negative to the potassium equilibrium potential was always very small (<20 PA).
The difference curve of the current-voltage relationship measured before and after addition of glibenclamide is also shown in fig 7B. In the negative potential range the difference was almost linear and in the positive range it became flat. Taken together, the results presented in figs 5, 6, and 7 show that both glibenclamide and cromakalim produce complex non-linear changes in the steady state currentvoltage relationship (see Discussion). 
Discussion
The electrical characteristics of isolated arterioles We have found a relatively simple method to isolate terminal arterioles from guinea pig heart. The vessels consisted of a continous monolayer of smooth muscle cells, the basal lamina, and the endothelium. They constricted in response to increased extracellular potassium, which suggests that they were functionally intact. The surface of the arterioles was clean enough to allow gigaseal formation. Hirst and Neildi6 have shown that the electrical behaviour of terminal arterioles of guinea pig submucosa can be described by a short cable with sealed ends with a length constant (A) of about 1.6 mm.
The results reported here suggest that terminal arterioles isolated from guinea pig heart have similar cable properties and that the length of the arterioles used (up to 250 p,m) was smaller than A. This would imply that a spatially homogeneous clamp of the entire arteriole can be achieved with a patch electrode attached to one smooth muscle cell in the whole cell configuration (see chapter 4 of "). (4) The slopes of the current-voltage relationship at positive and negative potentials were h i i l a r for all arterioles studied. If the electrotonic length of the arterioles were greater than one length constant one uould expect the current-voltage relationship to be flatter in larger arterioles."
If the electrical length constant of terminal arterioles is 0.5 inn1 or longer (that is, at least one third of the values determined by Hirst and Neildl'). then a homogeneous space clamp can be achieved in the steady state irrespective of the position of the patch electrode. '' " However. immediately after depolarising voltage or current steps or during fast ramp-shaped voltage commands. the situation is quite different. In this case fast voltage dependent conductance changes at some distance from the electrode can "escape" voltage control and action potentials can be elicited, and this is probably the mechanism underlying the current "notches" seen in our cxperiments. This interpretation is based on the following observatiom.
( 1 ) The inward notches elicited by depolarising cun-ent pulses beyond -20 mV increased in amplitude Lvith increasing depolarisation up to +40 mV. This differs markedly from the characteristics of calcium currents in single vascular smooth muscle cells." ( 2 ) During voltage ramps very similar notches were seen at a rate of depolarisation >I0 mV.s I . but not at rates <S mV.s-'. (3) Depolarising current pulses elicited transient depolarisations of similar duration.
The time course and amplitude of the voltage transients elicited by current pulse\ were similar to the transient depolarications recorded in isolated guinea pig coronary arteries by Kref and Kreulen using field stimulation through
In their experiments the nature of these transient depolarisations could not be clarified since the possibility that the stimulus evoked transmitter release from intramural nerve terminals could not be excluded.'3 In our experiments. it is unlikely that extracellular nerves could be excited by injection of 500 pA current through the patch electrode. Thus it may be concluded that terminal arterioles from guinea pig heart are electrically excitable. The transient arisations may be related to the slow electrical waves iated with vasomotion in large coronary arteries and in nal arterioles from various vascular beds." ' * ' 7 i1.e electrotonic propagation of electrical signals along the arteriole may also be functionally important because membrane potential changes appear to be closely correlated with changes in vascular tone.'x '' As a result of the electrical coupling. the smooth muscle cells of a terminal arteriole may act as a functional unit that displays coordinated changes in tone. Our results extend previous reports that showed electrical coupling between smooth muscle cells in arterioles'" 25 and in large arteries.'" '" 3' BCny and co-workers have shown that there is no dye coupling (lucifer yellow) between vascular smooth muscle cells." '' However, this finding does not contradict our conclusions because they have also shown that electrical coupling can occur in the absence of dye coupling. The possibility that electrical coupling between endothelial cells and vascular smooth muscle cells through myoendothelial gap junctions may contribute to the propagation of electrical signals along the vessel wall has been raised by various author^.'^-^^ Whether or not such effects contributed to the spread of current along the arterioles studied here remains to be clarified. However, it should be noted that the membrane potential of coronary endothelial cells responds neither to glibenclamide nor to cromakalim.3s
Glibenclmiide sensitive potassium currents under normoxic coriditions The resting potentials of terminal arterioles showed a bimodal distribution. with one peak at -61 mV and the other peak at -23 mV (fig 2A) . This may be attributable to the flat region of the current voltage relationship in the range -SO to -30 mV that is typical for smooth muscle cells from resistance arteries." '" 'I The net transmembrane current in the f a t region is very small and therefore changes in either inward or outward current, mediated for example by electrogenic pumps or alterations in potassium conductance, would be expected to produce a bimodal distribution of resting potentials. In the group of arterioles with resting potentials around -61 mV, glibenclamide induced a marked depolarisation, whereas in the group of arterioles with resting potentials around -31 mV, it produced only small and inconsistent changes in membrane potential. These findings may be explained by the shape o f the current-voltage relationship ( fig 5) . In the more depolarised potential range the slope conductance was much larger and therefore the same net current change in the inward direction would be expected to produce a much smaller potential change. The fact that the hyperpolarisation induced by cromakalim was larger in the group of arterioles that had a less negative resting potential can be explained in an analogous way.
There was no time dependent change in the current voltage relationship in the first 10-15 min after rupture of the patch membrane when using ATP-free pipette solution ( fig  3B) . and the effects of glibenclamide on the current-voltage relationship were the same with either the conventional whole cell clamp technique (with 0 or 3 mM ATP in the pipette solution) or with the perforated patch technique. These findings suggest that the ATP depletion of the patched cell expected with ATP-free pipette solution had only minor effects on the "whole cell" current measured from the multicellular arteriole, and that the glibenclamide sensitive current observed under normoxic conditions was not an artefact. The reason for the lack of effect of ATP-free patch solution may be that the majority of cells in the arteriole (connected through gap junctions to the clamped cell) is not affected by the composition of the pipette solution. Altematively, the glibenclamide sensitive channels of the patched cell may have a low sensitivity to intracellular ATP, as reported for smooth muscle cells from portal veinx
The pronounced effects of glibenclamide on the currentvoltage relationship (even at a concentration of 2 FM; see fig  5A) suggest that glibenclamide sensitive channels in coronary smooth muscle cells (unlike Kxrp channels in cardiac and skeletal muscle' ') have an open state probability above zero even under normoxic conditions and may make a significant contribution to the resting potential. Our findings are in agreement with recent experiments on isolated guinea pigis and rabbit hearts' and in anaesthetised dogs3 36 showing that glibenclamide can elicit an increase in coronary resistance even under normoxic conditions. Thus glibenclamide sensitive potassium channels in terminal arterioles may be involved in the regulation of coronary blood flow not only during hypoxia but also under physiological conditions.
The drug induced changes in the current-voltage relationship
The current blocked by glibenclamide showed a complicated voltage dependence (fig 6) . In the potential range -120 mV to -60 mV the current-voltage relationship was linear. The crossover point of glibenclamide sensitive current was near the potassium equilibrium potential, which suggests that the drug affected mainly potassium channels. In the range -60 to -25 mV, the difference current showed inward rectification. In the range positive to -25 mV, the difference current was also linear. There are several possible explanations for these findings.
(1) The ATP sensitive potassium current in coronary smooth muscle cells shows inward rectification in the voltage range -60 to -25 mV. (2) Glibenclamide inhibits inward rectifier channels in coronary smooth muscle cells. (3) Glibenclamide also inhibits the voltage dependent outward current seen at positive potentials. (4) The flat region of the current voltage relation may result from the summation of inward and outward currents. In this case glibenclamide could have inhibited not only the outward current but also the inward current. The latter hypothesis is considered less likely because so far no effect of glibenclamide on inward currents has been reported in any cell type.
Of course these four hypotheses are not mutually exclusive. There are also some precedents in the literature.
(1) Type 1 KATp channels usually show inward rectification." " (2) In smooth muscle cells from resistance sized cerebral arteries an inward rectifier channel has recently been described.20 In these cells 10 FM glibenclamide appeared to have a small effect on the inward rectifier currents. ( 3) The delayed rectifier in smooth muscle cells from portal vein was found to be inhibited by glibenclamide, with an estimated K, value of 100 kM. 39 Further experiments are required to clarify which channels are inhibited by glibenclamide. It should be noted, however, that the effects of 2 FM glibenclamide ( fig 5) were qualitatively similar to those observed with 50 FM. Thus a non-specific effect of high concentrations of glibenclamide could not account for our results.
Interestingly, the current activated by cromakalim showed a voltage dependence that was quite different (fig 7B) . Cromakalim shifted the membrane potential to values close to the potassium equilibrium potential, which suggests that the drug opened potassium channels. In the voltage range negative to the potassium equilibrium potential the difference current activated by cromakalim was virtually zero. This may be attributable to the fact that the channels opened by cromakalim show strong outward rectification. In the range -80 to 4 0 mV outward rectification was also apparent. This is consistent with the results obtained in vascular smooth muscle cells from portal vein.' 39 In the voltage range positive to 4 0 mV the cromakalim activated current declined again. This is compatible with the hypothesis put forward by Beech and Bolton" 40 postulating that levcromakalim shifted a portion of delayed rectifier potassium channels to a voltage independent open state.
The difference curve between the current-voltage relationship measured in the presence of cromakalim before and after addition of glibenclamide ( fig 7B) was linear in the range -120 to -60 mV, that is, it was similar to the difference curve of glibenclamide in the absence of cromakalim. Positive to 4 0 mV the curve flattened off. It is obvious from these results that the current activated by cromakalim in coronary smooth muscle cells of terminal arterioles is not carried by the same channels as the current inhibited by glibenclamide. A more detailed analysis of the channels affected by the two drugs requires systematic changes in the bathing solution and single channel measurements. Previous studies of the effects of glibenclamide, cromakalim, and metabolic inhibition in mesenteric4' and pulmonary-" artery suggest that similar channels may be present in other vascular smooth muscle cells as well.
Conclusions
In view of the well known differences in the expression of channels and receptors between large conduit arteries and resistance arteries,4316 terminal arterioles isolated from guinea pig heart may be a useful model for studying the mechanisms underlying the regulation of coronary blood flow. Our study of the electrical properties of coronary arterioles suggest that they are electrically excitable and that they may be coupled by gap junctions. Since highly reproducible current-voltage relationships can be recorded over many minutes, apparently without alteration of the intracellular milieu, this preparation may also be useful for analysing steady state whole cell currents. Our study of the effects of glibenclamide and cromakalim on coronary arterioles suggest that both drugs produce voltage dependent changes in net transmembrane currents that are difficult to reconcile with the properties of KATp channels found in other muscle types such as cardiac or skeletal muscle.
